Introduction
Noble metal nanoparticles (NPs; e.g. Au and Ag NPs) show distinctive plasmonic optical properties, superior photostability and high quantum yields (QYs) of Rayleigh scattering [1] [2] [3] [4] [5] [6] . The QY here refers to the ratio of the scattering intensity (number of scattering photons) of a single NP to the intensity of its incident light. The plasmonic optical properties of single NPs highly depend upon their sizes, shapes, dielectric constants, and surrounding environments [1] [2] [3] [4] [5] [6] [7] . We have used localized surface plasmon resonance (LSPR) spectra of single Au and Ag NPs to determine their sizes, shapes, surface properties, and surrounding environments at single NP resolution [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Unlike fluorescence molecules or quantum dots (QDs), single plasmonic NPs resist photobleaching and photoblinking, and can be imaged and characterized in single live cells and embryos for any desired period of time [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Thus, they are most suitable for the study of dynamic events of interest in vivo in real-time.
We have demonstrated that single Au and Ag NPs can serve as superior photostable optical molecular probes and sensors for imaging of single live cells and embryos in situ and in real-time, using dark-field optical microscopy and spectroscopy (DFOMS) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Unlike any other imaging tools, such as transmission electron microscopy (TEM) or scanning probe microscopy, DFOMS offers high temporal resolution and throughput to trace, quantify and characterize multiple individual NPs in vivo in real-time simultaneously [11, 13, 16, 18, 19] . We have recently developed photostable optical nanoscopy (PHOTON) and single molecule nanoparticle optical biosensors, which enable DFOMS to image single molecules and single NPs at millisecond (ms) temporal and nanometre spatial resolutions [17, 22] .
To serve as effective imaging probes and sensors for the study of biological functions in living organisms, it is essential that these plasmonic NP probes are biocompatible and can penetrate living organisms on their own (non-invasively). Despite extensive study of Au NPs and their potential applications in biology and medicine [23, 24] , their effects on living organisms and their dependence upon physicochemical properties of the NPs still remain largely unknown [25] [26] [27] [28] .
Currently, in vitro studies account for the majority of nanotoxicity research [25] [26] [27] [28] . However, the results from in vitro studies can be misleading. For example, in vitro assays may not capture critical insights into the effects of NPs upon intercellular functions and their related biological functions in vivo. Certain nanomaterials may interfere with the readout of common cytotoxicity assays because of their interactions with assay reagents, and their overlapping absorption, scattering or emission properties. A wide range of NP concentrations, exposure times, cell lines, and cell culture conditions have been used among various in vitro studies, which make direct comparison among the studies extremely difficult [25] [26] [27] [28] . Furthermore, many studies used unpurified and unstable (aggregated) NPs, or the NPs coated with different surface functional groups, and these studies did not consider the potential toxic effects of surface functional groups, aggregations of NPs, and other contaminant chemicals (impurities) on the cells. The majority of studies did not characterize the physical properties (e.g. sizes, doses) of NPs throughout the entire duration of experiments in situ in real-time. Thus, various studies created a wide range of inconclusive, contradictory or misleading results.
To overcome the limitations of current nanotoxicity studies, we have developed ultrasensitive in vivo assays (cleavage-stage zebrafish embryos) to characterize the biocompatibility and toxicity of nanomaterials [11, 16, 18, 19] . To depict the dependence of NP toxicity on their physicochemical properties, and to rationally design biocompatible NP imaging probes, we have synthesized a mini-library of Au and Ag NPs with various sizes and surface functional groups, purified them, determined their stability, and developed DFOMS to characterize them throughout their incubation with living organisms in situ in real-time at single NP resolution [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Zebrafish (Danio rerio) have served as an effective model organism to study human disease, development and physiology, and to assess potential drug toxicity [29] [30] [31] [32] . They are superior to other model organisms (e.g. mouse, rat, human) [29] [30] [31] [32] . For instance, zebrafish develop ex utero and their embryos are optically transparent, which enables real-time visualization of the entire embryonic developmental processes in vivo. By 120 hours-post-fertilization (hpf ), the embryos fully develop to larvae with discrete organs, which show anatomical and physiological similarity to their mammalian counterparts. A pair of zebrafish can produce massive amounts (200-300) of embryos overnight at a very low cost. These superior characteristics enable zebrafish embryos to serve as in vivo high-throughput assays to study the biocompatibility and toxicity of nanomaterials [11, 16, 18, 19] .
In our previous studies, we used cleavage-stage zebrafish embryos to study the transport, biocompatibility and toxicity of purified Ag NPs with three distinctive sizes (11.6 + 3.5, 41.6 + 9.1 and 95.4 + 16.0 nm) and the smaller Au NPs (11.6 + 0.9 nm) [11, 16, 18, 19] . In this study, we use zebrafish embryos to characterize the transport, biocompatibility and toxicity of the larger Au NPs (86.2 + 10.8 nm), aiming to determine the dependence of the biocompatibility and toxicity of the NPs upon their sizes and chemical compositions for rational design of biocompatible NP probes.
Results and discussion
2.1. Synthesis and characterization of purified and stable Au NPs (86.2 + 10.8 nm)
We synthesized the Au NPs (86.2 + 10.8 nm) by reducing HAuCl 4 with sodium citrate, as described in Materials and methods [33] [34] [35] . The colloidal Au NPs were thoroughly washed three times using centrifugation to remove any trace chemicals from the synthesis to prepare highly purified Au NPs. We suspended purified Au NPs in egg water (1.0 mM NaCl in deionized (DI) water; embryonic medium) and characterized their sizes, plasmonic optical properties and concentration in egg water over the entire embryonic development (120 h) using high-resolution TEM, dynamic light scattering (DLS), DFOMS and UV-vis absorption spectroscopy, respectively. The TEM images and histograms of size distributions of single Au NPs ( figure 1A,B) show the average sizes of (85.4 + 11.6) and (86.2 + 10.8) nm of the ellipse-shaped NPs dispersed in egg water at 0 and 120 h, respectively. The results show that the sizes of the NPs remain essentially unchanged over their 120 h incubation with egg water. The average sizes of NPs are calculated by averaging the length and width of each NP. The aspect ratios of the ellipse-shaped NPs range from 0.9 to 3.8, which are calculated by dividing the length of the NP by its width.
We also characterize the sizes of Au NPs in egg water over 120 h using DLS. The results (figure 1C) show their average sizes (diameters) of (86.3 + 9.0) and (87.9 + 9.4) nm at 0 and 120 h, indicating that the sizes of the NPs remain essentially unchanged and that the NPs are very stable (non-aggregated) over their 120 h incubation with egg water. Unlike TEM, which measures the sizes of individual NPs, DLS offers ensemble measurement of the average sizes of NPs dispersed in egg water. The sizes of hydrated NPs measured using DLS (figure 1C) are slightly larger than those measured by TEM ( figure 1A,B) . Furthermore, the sizes of the ellipse-shaped NPs determined by DLS are calculated using equations for spherical NPs, which approximate the ellipse-shaped NPs as spherical ones. They are not presented as the average of length and width of each ellipse-shaped NP as we calculated the sizes of the NPs determined by TEM. Thus, one cannot directly compare the hydrated ellipse-shaped NPs measured by DLS with their sizes determined by TEM and calculated as the average of their lengths and widths. Nonetheless, the sizes of NPs determined by both DLS and TEM are quite close, indicating that the approximation of ellipse-shaped NPs as spherical NPs for ensemble DLS measurement is acceptable. In this study, we use the sizes of the NPs determined by TEM to describe the sizes of the NPs.
We also study the concentrations and stability of the Au NPs in egg water over 120 h by measuring their UV-vis absorption spectroscopy (ensemble measurements). The absorption spectra of the NPs in egg water (20 pM) over 120 h show that their baseline subtracted peak absorbance of 0.53 at 550 nm, l max (full width at half maximum, FWHM ¼ 102 + 4 nm), remains unchanged (figure 1D), which further demonstrates that the Au NPs are stable in egg water over 120 h. If the NPs were aggregated (unstable), the absorbance of their UV-vis absorption spectra would decrease and their peak wavelength would be red shifted. But that was not what we observed. Thus, the NPs remain stable (non-aggregated) in egg water over 120 h.
We further characterize plasmonic optical properties of single Au NPs and their stability in egg water over 120 h at single NP resolution using DFOMS. Dark-field optical images of single Au NPs and histograms of distributions of plasmonic colours (LSPR spectra of single NPs) show that the majority of single NPs exhibit plasmonic green with some being orange and red, which remains essentially unchanged over their 120 h incubation with egg water ( figure 2A-C) . We determine the number of single NPs in egg water (concentrations at single NP resolution) over 120 h using DFOMS. Unlike UV-vis spectroscopy (ensemble measurement), DFOMS enables us to image figure 2D ), demonstrating that the NPs in egg water are very stable (non-aggregated). If the NPs were aggregated (unstable), their number in solution would have decreased over time. But that was not what we observed. Thus, the NPs remain stable (non-aggregated) in egg water over 120 h. As we reported previously [20] , DFOMS is a much more sensitive, accurate and direct method to determine the concentrations and plasmonic optical properties of single NPs than UV-vis absorption spectroscopy. Representative LSPR spectra of single Au NPs in egg water (figure 2E) show peak wavelengths (l max ) with FWHM, l max (FWHM), at 554 (105), 619 (97) and 683 (82) nm, which remain essentially unchanged over 120 h. The ellipse-shaped NPs with aspect ratios up to 3.8 and rough surfaces, as shown in TEM images ( figure 1A,B) , make the LSPR of the NPs red shifted.
We characterize the stability of a dilution series of the purified Au NPs using the above approaches, to determine their 'solubility' (a maximum concentration) that the Au NPs are stable in egg water over 120 h. We then use the concentrations of the stable and 'soluble' (non-aggregated) Au NPs in egg water to incubate with cleavage-stage embryos, rsfs.royalsocietypublishing.org Interface Focus 3: 20120098 follow embryonic development over 120 h, and study the effects of NPs on embryonic development. Unlike other studies, we use DFOMS to characterize the stability (LSPR spectra and number) of Au NPs in egg water at single NP resolution in situ in real-time, which is much more sensitive and accurate than any conventional ensemble measurements (e.g. UV-vis absorption spectroscopy).
We correlate the distribution of sizes of single Au NPs measured by TEM with the distribution of plasmonic colours (LSPR spectra) of single Au NPs in egg water determined by DFOMS. At 120 h, the results from TEM measurements show that the sample includes 63% of 60 -88 nm, 28% of 89 -100 nm and 9% of 101 -118 nm NPs (figure 1B). Dark-field optical imaging of single Au NPs (figure 2C-b) shows that a majority of single NPs exhibit plasmonic green (65 + 4)% with some being orange (28 + 1)% and red (7 + 3)%. Note that TEM samples are prepared from the same Au NP solutions as those measured by DFOMS. Thus, for this Au NP solution, the NPs with sizes of 60 -88, 89-100 and 101-118 nm show plasmonic green, orange and red, respectively. Using such simple calibration approaches (colours-as-size index) as we reported previously [7, 12, [14] [15] [16] 36] , we can determine the sizes of single Au NPs in situ in real-time at nanometre resolution using their LSPR spectra via DFOMS.
Taken together, the results in figures 1 and 2 show that the Au NPs (20 pM) are very stable (non-aggregated) in egg water over the entire duration of embryonic development (120 h), which enables us to study their size-and dose-dependent transport into/in embryos and their effects on embryonic development in vivo in real-time. If the NPs were unstable (aggregated), their number in solution would have decreased, and their sizes would have increased over time, which would have made the study of dose-and size-dependent nanotoxicity unreliable.
Analysis and characterization of molar concentrations of the Au NPs
We used molar concentrations of single Au NPs (but not atoms or ions) to describe dose-dependent nanotoxicity. We calculated their molar concentrations by dividing moles of single Au NPs by the solution volume, and characterized rsfs.royalsocietypublishing.org Interface Focus 3: 20120098 them as we described previously [11, 16, 18, 19, 35] . Briefly, we calculated the weight of Au (W Au ) generated by the complete reduction of ). Finally, the molar concentrations of Au NPs were calculated by dividing the moles of Au NPs by the solution volume.
We measured UV-vis absorption spectra of a dilution series of unwashed Au NP solutions, determined the baseline subtracted peak absorbance and plotted the subtracted peak absorbance versus molar concentrations of NPs to determine their molar absorptivity (extinction coefficient, 1 550 nm ) at a peak wavelength (l max ¼ 550 nm) of 2.7 Â 10 10 M -1 cm
21
, which agrees excellently with those measured previously for similar-sized Au NPs [35] .
The NPs were spun down using centrifugation to remove the by-products of the reaction and any excess of chemicals in solution. The NPs in the pellets were fully resuspended in DI water to produce the first-time washed NP solution. We characterized the sizes of NPs using DLS and UV-vis spectroscopy, which showed that their sizes, l max and 1 550 nm remained unchanged. Using the same approaches, we found that the sizes, l max and 1 550 nm of the second-and third-time washed Au NPs remained unchanged.
We imaged and determined any potential trace amount of individual Au NPs in the supernatants collected from washing of the Au NPs using DFOMS. If any Au NPs were present in the supernatant, we would further remove them from the supernatant using ultra-centrifugation (L90, Beckman). The supernatants from the last washing of the NPs, which contain any residual chemicals except Au NPs, were collected and used to treat embryos. The experiments served as controls for the study of the effects of potential residual chemicals on embryonic development.
Note that the weight and surface area of single NPs are proportional to the number (mole) of single NPs. Thus, the molar concentration of NPs accurately represents the size, number (mole) and surface properties of the NPs. Therefore, the dosedependent effects of NPs on embryonic development in molar concentrations represent the dependence of nanotoxicity on their sizes, number and surface properties. By contrast, the w/v (weight/volume) concentrations of NPs cannot represent the number (doses) of NPs, and cannot accurately reflect the dependence of nanotoxicity on the number and surface properties of the NPs, because the different-sized NPs with the same w/v concentration contain a different number of NPs, and thus different surface areas and charges of the NPs.
Real-time imaging of transport of the single Au NPs into/in embryos
We incubated the purified and stable Au NPs (20 pM) with the cleavage-stage zebrafish embryos and imaged the diffusion and transport of single NPs into the embryos and inside the embryos in vivo in real-time, aiming to determine whether such larger Au NPs (60-118 nm) can transport into living embryos and their transport mechanism. The snapshots of sequential optical images (figure 3) show arrays of chorionic pores on chorionic layers (CLs) and their diameters (0.5-0.7 mm) and that single Au NPs diffuse through the chorionic pore canals into the chorionic space (CS), and through the CS into the inner mass of the embryos (IME). We characterized the LSPR spectra of single Au NPs, such as those shown in figure 2E , to distinguish single Au NPs over embryonic tissues and debris, which appear white under dark-field illumination.
Representative diffusion trajectories of single Au NPs (figure 4a), each with an identical green colour (size), show that single Au NPs are diffusing (A) into the embryo via chorionic pores; (B) in the CS; and (C) into the IME from the CS. The diffusion modes of these single Au NPs in various locations of the developing embryos are further characterized by plotting real-time square displacement (RTSD) of single Au NPs versus diffusion time (figure 4b). Note that viscosities inside a developing embryo vary widely upon local embryonic environments, which also alter rapidly with time as the embryo develops. Therefore, we use RTSD (diffusion distance at each time interval) instead of MSD (meansquare displacement, average distance over time) to determine the diffusion modes and diffusion coefficients of single NPs, as they diffuse into and through embryos.
Using diffusion theories [37] [38] [39] , we found restricted diffusion for the NPs that diffused from egg water through the chorionic pores into the CS (figure 4A-b). Several steps in the plot suggest that the NPs become trapped (2-8 s) within the pores from time to time, possibly because of their interactions with the pores. Nonetheless, the linear plot shows stationary random Brownian diffusion as a diffusion mode for the NPs entering into the embryos. Thus, passive diffusion, but not active transport, is responsible for the NPs entering the embryos. The diffusion coefficients (D) are determined by dividing the slope of the plot of RTSD versus time by 4 using two-dimension random walk theory (RTSD ¼ 4DDt). The diffusion coefficients vary drastically as the NPs diffuse from the egg water through the chorionic pores and into the CS with an average of (1.7 + 1.5) Â 10 29 cm 2 s
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. Their larger standard deviation reflects highly heterogeneous embryonic environments.
The plots of RTSD versus time for single Au NPs that diffuse in the CS and from the CS into the IME also exhibit linearity with larger slopes and fewer steps (figure 4b in B,C), showing simple random Brownian diffusion and suggesting that the transport barrier at the CL is much higher than the interface of the CS and IME. Their average diffusion coefficients in (B) and (C) , respectively. Notably, the slopes of the plots in (C) change over time much more notably and they are smaller than those in (B), suggesting higher viscosity gradients at the interface of the CS and IME than those in the CS.
We use the same approaches to study the diffusion of plasmonic green Au NPs in egg water, which shows random Brownian diffusion with diffusion coefficients of (1.6 + 0.2) Â 10
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. Note that diffusion coefficients of single NPs are inversely proportional to the viscosity of the medium, as described by the Stokes-Einstein equation, D ¼ kT/(6pha), for a spherical NP, where k is the Boltzmann constant; T is the temperature; a is the radii of single NPs; and h is the viscosity of the medium where NPs diffuse in [40] . Thus, the results show that embryonic environments are orders of magnitude more viscous than egg water. These results agree well with those we reported previously using similar-sized Ag NPs [19] 
Taken together, the results in figure 4 show that the samesized Au NPs diffuse 14 To study the dose-dependent biocompatibility and toxicity of the Au NPs, we incubated the cleavage-stage embryos (0.75 -2.25 hpf ) with various concentrations (0-20 pM or 0-78 mg ml 21 ) of the purified and stable Au NPs in egg water, and the supernatant collected from the last washing of the NPs over 120 h. We imaged the developing embryos every 24 h until they fully developed at 120 hpf. We characterized normally developed zebrafish (figure 5A), deformed zebrafish (figure 5B) and dead embryos (figure 5C), using their morphologies and phenotypes. The percentage of embryos that developed to normal and deformed zebrafish or became dead was plotted against molar concentrations of the NPs and supernatants that were incubated with the embryos ( figure 5D ). The studies of embryonic development in the supernatant serve as control experiments to determine the effects of potential residual chemical contaminants on embryonic development, which ensure that the death and deformities of embryos exposed to the NPs are not caused by any potential residual chemicals from the NP synthesis. This experimental design enables the NPs to passively diffuse into embryos without external intervention (non-invasively), allowing us to study their effects on embryonic development in vivo in real-time. These approaches also mimic the potential transport and effects of the NPs on aquatic and eco-living organisms should the NPs be released into the environment. We select the cleavage-stage embryos as in vivo assays to study the effects of NPs on embryonic The results show that embryonic development insignificantly depends upon the NP concentration (dose) ( figure 5D,E) . As the NP concentration increases from 0 to 20 pM, the percentage of embryos that develop into normal zebrafish remains essentially unchanged at (96 + 4)%, and the numbers of embryos that develop into deformed zebrafish or became dead also remain the same at (1 + 1)% and (3 + 3)%, respectively. The statistical analysis of the data using ANOVA with a confidence level of 95% ( p ¼ 0.05) reveals insignificant differences between Figure 5 . In vivo study of the effect of Au NPs on embryonic development. Optical images of: (A) normally developed zebrafish show normal development of the cardiac region, yolk sac, head and eyes; (B) deformed zebrafish display several deformities, including (a) finfold abnormality, tail/spinal cord flexure, cardiac malformation, yolk sac oedema and eye abnormality; and (b) finfold abnormality and tail/spinal cord flexure; and (C) dead embryo. (D) Histograms of the percentages of the embryos that developed to normal and deformed zebrafish or became dead versus NP concentration. (E) Control experiments: histograms of the percentages of embryos that developed to normal zebrafish or became dead either in egg water alone or in supernatant. A total of 48 embryos were studied for each NP concentration, and control. The percentages of embryos that developed to normal and deformed zebrafish or became dead are calculated by dividing each number by the total number of embryos used at each concentration. Their means and standard deviations (error bars) for each given concentration are calculated from triplicate measurements. Scale bars are: (A) 250, (B) 500 and (C) 200 mm.
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dead and deformed embryos as they are exposed to various concentrations of Au NPs (0-20 pM), egg water or supernatant. Notably, the percentages of embryos that are incubated with the supernatant over 120 h and develop to normal zebrafish or become dead are the same as those in egg water alone (blank control) (figure 5E) and none of embryos develop to abnormal zebrafish, showing that the death and deformities observed in figure 5D are not caused by any potential residual chemicals from the NP synthesis.
The chronic treatment of embryos (48 embryos) with the Au NPs over 120 h results in only two abnormally developed zebrafish (figure 5B), which are rare events (the outliers) of the measurements and can only be detected at single embryo resolution. Both of them display more than one type of deformation, and the types of deformation are independent of the NP concentration. For example, the embryo that has been incubated with the lower NP concentration (2.4 pM) for 120 h develops into the deformed zebrafish with all types of deformities (finfold abnormality, tail and spinal cord flexure, cardiac malformation, yolk sac oedema and eye abnormality). By contrast, the embryo that has been incubated with the higher NP concentration (9.9 pM) for 120 h develops into the deformed zebrafish with finfold abnormality and tail and spinal cord flexure. These observations suggest that some embryos may be more vulnerable (sensitive) to the effects of the Au NPs on their development, while other embryos may be more 
tolerant (resistant) of the effects of the Au NPs. Notably, each embryo is quite distinctive, and it is common that a small percentage of the embryos become dead during development under the same incubation conditions (in egg water). Random diffusion of single Au NPs into the various compartments of the embryos, especially at such low concentrations, may also cause the rare and stochastic toxic effects on embryonic development, as we reported previously [16] .
Quantitative imaging of single Au NPs in tissues of normal and deformed zebrafish
To determine why some embryos developed normally while others became deformed or dead, we imaged single Au NPs embedded in the tissues of normally developed and deformed zebrafish and quantitatively characterized distributions of single Au NPs in the tissues using DFOMS. We incubated the cleavage-stage embryos with the Au NPs (0-20 pM) continuously (chronically) for 120 h until they developed into normal or deformed zebrafish. We then rinsed and fixed the normally developed and deformed zebrafish and prepared ultrathin sections (1-4 mm thickness) of their tissue samples as described in the Materials and methods. Individual Au NPs embedded in various tissues of normal and deformed zebrafish were characterized using DFOMS. We observed the green, orange and red Au NPs embedded in different locations of normally developed zebrafish (figure 6A-C), including (a) retina, (b) gill slits and (c) tail muscles. The LSPR spectra of single Au NPs embedded in the tissues (figure 6B) show characteristic plasmonic peak wavelengths (l max ) at 555 nm (green) and 697 nm (red), enabling us to distinguish the Au NPs from the tissues. Single Au NPs were also observed in different locations of a deformed zebrafish ( figure  6D-F) , including (a) retina, (b) yolk sac and (c) tail muscles. LSPR spectra of single Au NPs embedded in the tissues (figure 6E) show distinctive peak wavelengths (l max ) at 579 nm (green) and 738 nm (red). These results suggest that the NPs diffuse into the developing embryo (figures 3 and 4) and remain inside the embryos throughout their developmental stages (120 h). The red shift of the LSPR spectra of single Au NPs could be attributed to the embryonic tissues, which decrease the surface refractive index of the NPs and offer lower dielectric constants than the egg water. Nonetheless, the potential aggregation of a very few single Au NPs embedded in the tissues during their incubation with embryos over 120 h could also lead to larger NPs and red shift of their LSPR spectra.
We quantitatively analysed the number and sizes of individual Au NPs embedded in the tissues using their distinctive plasmonic optical properties (colours, LSPR spectra), and size-dependent LSPR spectra. Unlike a conventional spectrograph that acquires LSPR spectra of single NPs one at a time, the DFOMS in this study is equipped with a multi-spectral imaging system (MSIS), which enables us to simultaneously acquire LSPR spectra of a massive number of single NPs, and to achieve high-throughput quantitative analysis of individual Au NPs embedded in the tissues of interest with both spatial and temporal resolutions.
Plots of the number of given plasmonic colours (sizes) of single NPs in normal and deformed zebrafish show that more NPs are embedded in the eye and tail tissues of the deformed zebrafish than in those of the normal zebrafish ( figure 7) . The percentages of plasmonic green and red NPs embedded in the tissues are similar to those observed in solution (figure 2), which suggests that the NPs remain stable (nonaggregated) throughout their incubation with embryos in egg water over 120 h. The larger number of Au NPs accumulated inside the embryos throughout their development may lead to their deformation and death. Nonetheless, individual embryos might have various degrees of tolerance to the effects of the Au NPs. Embryos with a high degree of tolerance could survive and develop to normal zebrafish. By contrast, those with a low degree of tolerance could develop into deformed zebrafish or become dead.
Such individuality phenomena could not be detected if ensemble measurements were utilized. Therefore, this study further underscores the importance of studying the effects of the NPs on embryonic development at single NP and single embryo resolutions. The results further suggest that random walk of single Au NPs into/in embryos might have caused stochastic toxic effects on embryonic development, as those we reported previously [16] .
Comparing with our previous studies: sizeand chemical-dependent toxicity of Au and Ag NPs
To compare with our previous study of the effects of smaller Au NPs (11.6 + 0.9 nm; 0-1.2 nM) on the embryonic rsfs.royalsocietypublishing.org Interface Focus 3: 20120098
development [16] , we plot the percentages of embryos that developed into normal or deformed zebrafish versus the surface area of Au NPs in a given solution volume ( figure 8) . The surface areas of two different-sized Au NPs are used to enable a full-scale comparison. The results show dose-independent effects of both smaller and larger Au NPs upon embryonic development. Interestingly, the results clearly reveal size-dependent biocompatibility and toxicity of Au NPs upon embryonic development. The larger Au NPs cause fewer embryos to become dead than the smaller Au NPs, suggesting that the larger Au NPs (86.2 + 10.8 nm) are more biocompatible (less toxic) than smaller Au NPs (11.6 + 0.9 nm) at the same given doses. By contrast, our previous studies of the effects of purified and stable Ag NPs (11.6 + 3.5, 41.6 + 9.1 and 95.4 + 16.0 nm with similar doses to the Au NPs) on the embryonic development show much higher toxicity of Ag NPs than the Au NPs [11, 18, 19] . The toxicity of Ag NPs highly depends on their doses and sizes [11, 18, 19] . For the same-sized Ag NPs, higher doses of Ag NPs cause more embryos to become dead or to develop into more severely deformed zebrafish. For the same doses of Ag NPs, the larger Ag NPs cause more embryos to become dead and to develop into more severely deformed zebrafish than smaller ones.
By comparing with these previous studies of smaller Au NPs and various-sized Ag NPs [11, 16, 18, 19] , we found the size-dependent and chemical-dependent biocompatibility and toxicity of the Au and Ag NPs. Notably, our previous studies neither predict nor conclude the effects of larger Au NPs (86.2 + 10.6 nm) on the embryonic development. It is entirely unknown whether such larger Au NPs can be stable in egg water, whether they can enter the embryos and whether they are more biocompatible or toxic than the smaller Au or Ag NPs. Thus, all findings from this study are distinctive and cannot be extrapolated from any previous studies. In this study, we use exactly the same approaches (e.g. same stage of embryos, same exposure conditions and same characterization methods) as those used in the previous studies, except different-sized Au NPs. Such approaches are essential for us to determine the biocompatibility and toxicity of the NPs upon their sizes and chemical properties.
The molecular mechanisms of the size-and chemical-dependent effects of Au and Ag NPs upon embryonic development are currently under investigation. It is most likely that physico-chemical properties of the NPs, including their surface properties, sizes, shapes, doses, and chemical compositions, create combined and complex effects on embryonic development, and each physicochemical property could create distinctive effects on embryonic development at a given condition. For example, various sizes of NPs could potentially create different effects on molecular interactions (e.g. proteinprotein interactions) and molecular transport in living organisms and alter their physico-chemical properties and nanoenvironments differently (e.g. charge, viscosity, stress, and diffusion of small molecules inside living organisms). Such effects may not be proportional to the sizes of the NPs, and may well depend upon the surface properties and chemical reactivity of the NPs. These effects could be dependent upon living organisms as well. Thus, it is important to study the effects of each physicochemical property of the NPs on a given living organism (e.g. cleavage-stage embryos) one at a time, in order to understand their physicochemical-dependent nanotoxicity and rationally design biocompatible nanomaterials. It is worth noting that the conclusions reported in this study are specific for the sizes and shapes of the NPs used in this study, and cannot be generally applied to other NPs or extrapolated to other sizes of Au NPs. In other words, sizeand chemical-dependent biocompatibility and toxicity of Au and Ag NPs may not be linear, and further studies would be needed. Our studies suggest that it is very likely that each size of the Au or Ag NPs possesses its own properties.
Taken together, these important findings offer interesting new insights into the size-dependent biocompatibility of Au NPs, and chemical-dependent nanotoxicity of Au and Ag NPs at single NP resolution. Such studies are essential for rational design of biocompatible nanomaterials for a wide range of applications, including in vivo imaging, drug delivery and implant devices. For example, the smaller NPs could more easily penetrate into the sub-compartments of living organisms to enable in vivo imaging and sensing for effective diagnosis, while the larger NPs could carry a larger payload of therapeutic agents to enable effective drug delivery and achieve effective therapy. We have demonstrated that DFOMS-MSIS is a powerful imaging tool for real-time in vivo imaging of transport and the effects of single Au NPs, and for quantitative analysis of individual Au NPs embedded in the tissues. This study further demonstrates that LSPR spectra of single Au NPs can be used to study size-dependent biocompatibility and nanotoxicity. One can now use the similar approaches, such as single NP fluorescence or Raman spectroscopy, to study the transport and toxicity of nanomaterials with given optical and spectral properties.
Summary
In summary, we have synthesized and characterized purified and stable (non-aggregated) Au NPs (86.2 + 10.6 nm) and developed DFOMS-MSIS to study their transport into/in embryos and their effects on embryonic development in vivo in real-time at single NP resolution. We found that single Au NPs passively diffused into the CS of the embryos via their chorionic pore canals and continued into the IME. , as single Au NPs passively diffuse through different locations of the developing embryos, suggesting diverse viscosity gradients and transport barriers within the embryos. The majority of embryos (96%) that are chronically incubated with the Au NPs (0-20 pM) over 120 h develop into normal zebrafish, while insignificant amounts of embryos either die (3%) or develop into deformed zebrafish (1%), which are independent of the dose of Au NPs. The Au NPs are embedded in various tissues of normal and deformed zebrafish, and more Au NPs are observed in the deformed ones. The results show that the Au NPs diffuse into the embryos and stay inside the embryos throughout their development (120 h), and random walk of single Au NPs may be attributed to their stochastic toxic effects on embryonic development. By comparing with our previous study of smaller Au NPs (11.6 + 0.9 nm) and various-sized Ag NPs (11.6 + 3.5; 41.6 + 9.1; and 95.4 + 16.0 nm), we found the size-dependent biocompatibility of Au NPs and chemical-dependent biocompatibility and nanotoxicity of Au and Ag NPs. At the same given doses, the larger Au NPs (86.2 + 10.6 nm) are slightly more biocompatible with embryonic development than the smaller Au NPs (11.6 + 0.9 nm), while the similar-sized Ag NPs are much more toxic than the Au NPs. Note that we observe similar diffusion coefficients of the same sizes of Ag and Au NPs into/in embryos. Thus, the size-dependent biocompatibility of the Au NPs is very unlikely to be attributable to their size-dependent accumulation inside the embryos. Taken together, this study offers new tools and new insights for the study of transport and toxicity of Au NPs in vivo in real-time at single NP resolution, which are essential to the rational design of biocompatible NPs for a wide variety of biomedical applications, including in vivo imaging, drug delivery and implant devices. We synthesized the Au NPs (86.2 + 10.8 nm) by reducing a freshly prepared HAuCl 4 solution (520 ml, 0.01% w/v, in DI water) with a freshly prepared sodium citrate solution (2.2 ml, 1.1% w/v) [33 -35] . The HAuCl 4 in a three-necked round bottom flask was heated to the boiling temperature (1008C) under refluxing and stirring, and the sodium citrate solution was rapidly added into the flask. After the colour of the solution changed from yellow to colourless, to dark purple and finally to dark red, we continued stirring and refluxing the solution for another 15 min. We then stopped heating the solution until it cooled to room temperature. The NPs were immediately filtered using 0.22 mm filters, and washed three times with DI water (18 MV, Barnstead) using centrifugation to remove the by-products and any excess chemicals from NP synthesis. We first spun down the NPs using centrifugation (1000 rpm, DYNAC II, Clay Adams, 1 h). We imaged the supernatant using DFOMS to ensure that there were no NPs in the supernatant (all of the NPs were spun down). If we found that any single NPs were present in the supernatant, we would increase the speed or time of centrifugation or use an ultra-centrifugation system (Beckman L90) to remove them from the supernatant. We then removed the supernatant, and resuspended the NPs ( pellet) in DI water via vortex. We repeated such a washing step three times. The supernatant removed from the last washing step was collected and used to incubate with embryos over 120 h, which served as a control experiment to determine the effects of any possible trace chemicals involved in NP synthesis on embryonic development. All chemicals were purchased from Sigma and used as received, and the DI water was used to prepare solutions and rinse glassware.
We resuspended the pellet of the purified Au NPs in egg water and characterized their sizes, concentrations and optical properties over 120 h to determine their stability using highresolution TEM (JEOL, JEM-2100 F), DLS (Nicomp 380ZLS particle sizing system), UV-vis spectroscopy (Hitachi U2010) and DFOMS (figures 1 and 2), respectively. The TEM samples were prepared by adding one drop of Au NP suspension (5 ml) onto each TEM grid, which was dried rapidly. We repeated such a process two or three times to ensure that each TEM grid was covered with sufficient Au NPs for effective TEM imaging ( figure 1A,B) . For DLS measurements (figure 1C), the average sizes of the NPs (20 pM, 700 ml of Au NPs suspended in egg water in a borosilicate tube) were measured seven times at each given time over 120 h at room temperature using DLS (ensemble measurement). The purified and stable Au NPs were used for probing of their diffusion into embryos and for studying their effects on embryonic development over 120 h.
For DFOMS measurements (figure 2), we sampled the Au NPs suspended in egg water into a home-made microchamber, and directly acquired LSPR spectra (colours) and the number of single Au NPs in the microchamber in real-time using DFOMS, as we described previously [7 -22] . Histograms of plasmonic spectra (colours) of single Au NPs in egg water at each given time (figure 2C) were correlated with the sizes of single Au NPs measured by TEM, because TEM samples were prepared from the same Au NP samples in egg water at the same given incubation time. We have fully described the designs and applications of our DFOMS for real-time imaging and spectroscopic characterization of single NPs in solutions, single live cells and embryos, and for single molecule detection [7 -22] . In this study, a dark-field microscope coupled with a CCD camera (EMCCD or Coolsnap HQ2) and a spectrograph (Spectra Pro-150, Roper Scientific), or MSIS (N-MSI-VIS-FLEX, CRi, Hopkiton, MA, USA) are used to image and characterize LSPR spectra of single Ag NPs. The MSIS is an integrated system of a CCD camera (SonyICX 285) and a liquid crystal tunable filter [17 -19,22,41,42] . DFOMS -MSIS can simultaneously acquire dark-field plasmonic optical images and spectra of massive amounts of individual NPs with a spectral resolution of 1 nm, and enable high-throughput spectral analysis and characterization of single NPs. The dark-field microscope is equipped with a dark-field condenser (oil, 1.43-1.20), a microscope illuminator (halogen lamp, 100 W) and a 100Â objective ( plan fluor 100Â, NA 0.5 -1.3, oil), as we described previously [7 -22] .
Breeding and monitoring of development of zebrafish embryos
We housed wild-type adult zebrafish (Aquatic Ecosystems) in a stand-alone system (Aquatic Habitats), and maintained and bred zebrafish as described previously [11, 16, 18, 19, 43] . Briefly, we placed two pairs of mature zebrafish into a clean 10 gallon breeding tank, and used a light (14 h)-dark (10 h) cycle to trigger breeding and fertilization of embryos. We collected the embryos at 2 hpf, transferred them into a Petri dish, and rinsed them well with egg water to remove the surrounding debris. The washed embryos were then used for real-time imaging of the diffusion and transport of single Au NPs into/in embryos and for the quantitative study of their effects on embryonic development.
In vivo real-time imaging of diffusion and transport of single Au NPs into/in embryos
We incubated the cleavage-stage embryos with the purified Au NPs (20 pM) in home-made imaging microchambers, and imaged the diffusion of single Au NPs into embryos in realtime using our DFOMS (figures 3 and 4). Distinctive plasmonic optical properties (colours) of single Au NPs enable them to be distinguished from embryonic debris and zebrafish tissues, which appear white under dark-field illumination. LSPR spectra of single Au NPs were acquired by DFOMS -MSIS (figure 2E), as we described previously [7,11,16 -19,22,36,42] .
Study of dose-dependent biocompatibility and toxicity of Au NPs (86.2 + 10.8 nm)
We incubated the cleavage-stage embryos with a dilution series of the purified Au NPs (2.0 ml per well of 0, 0.66, 1.3, 2.4, 5.1, 9.9 and 20 pM or 0, 2.6, 5.1, 9.5, 20, 39 and 78 mg ml
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) in 24-well plates (four embryos per well) for 120 h. The molar concentrations of Au NPs were calculated as we described previously [11, 16, 18, 19, 35] . We conducted the control experiments by incubating the embryos (four embryos per well) with egg water alone (in the absence of NPs) and the supernatants collected from washing Au NPs (dispersed in egg water with the same dilution factors as those prepared for Au NPs in egg water) in two rows of the same well plate as those embryos incubated with the NPs. Four replicates (three additional sets of four embryos at each given concentration in each well) were performed simultaneously. Thus, the 16 embryos in three wells for each concentration and the control were studied for each run of the experiment. Each experiment was carried out at least three times, and a total minimal number of 48 embryos (12 replicates of four embryos for each concentration) were studied for each NP concentration and each control experiment to gain representative statistics (figure 5).
The microwell plates were incubated in a water bath at 28.58C under dark for 120 h. The developing embryos in the plates were imaged at 2, 24, 48, 72, 96 and 120 hpf, using an inverted microscope (Zeiss Axiovert) equipped with a CCD camera (CoolSnap, Roper Scientific).
Quantitative imaging of single Au NPs embedded in individual zebrafish
The cleavage-stage embryos were incubated with given concentrations (0-20 pM) of the Au NPs continuously (chronically) for 120 h, and developed to normal or deformed zebrafish. We then rinsed the zebrafish with DI water to remove any external NPs, fixed the zebrafish using a tissue processor (Microm STP-120 spin, Thermo Fisher Scientific), and sectioned them to prepare ultrathin tissue samples (1-4 mm thickness) using a microtome (HM360 rotary microtome, Thermo Fisher Scientific), as we described previously [11, 16, 18, 19] . The number and sizes of individual Au NPs embedded in the tissues of interest were quantitatively determined using their size-dependent LSPR spectra acquired by DFOMS-MSIS (figures 6 and 7). A minimum of three slices of each given tissue were analysed for each measurement.
Statistical analysis
For characterization of sizes, shapes, LSPR spectra, and stability of single Au NPs, we studied 300 individual Au NPs for each sample with a minimum of 100 NPs for each measurement. For real-time imaging of transport and diffusion of single Au NPs into and in embryos, we investigated a minimum of 12 embryos for each given concentration with four embryos per measurement. For each NP concentration and each control experiment to study the dose-dependent effects of the Au NPs on embryonic development, we characterized a total minimal number of 48 embryos with 12 replicates of four embryos per measurement. Using a conventional statistical analysis method (ANOVA), we analysed the differences of the percentages of embryos that developed to normal or deformed zebrafish, or that became dead, as they were incubated with various concentrations of the Au NPs (0-20 pM), and found insignificant dose-dependent nanotoxicity with a confidence level of 95% ( p ¼ 0.05). Notably, we characterized the effects of Au NPs on embryonic development at single embryo and single NP resolutions. These approaches enable us to observe the rare events of interest (few deformed zebrafish in figure 5B ), which otherwise would be buried under ensemble measurements. The study of a large number of single Au NPs and single embryos offers sufficient statistics to depict the ensemble properties of NPs and their effects on embryonic development at single NP and single embryo resolutions.
